A guanine nucleotide insertion event has been shown to occur at a specific site within mumps virus P-gene mRNA transcripts. The region of the mRNA containing the site expected to be used for RNA editing and the complementary portion of the genomic RNA were cloned, and their nucleotide sequences were obtained. The genomic RNA was found to possess six C residues at the insertion site, whereas 63% of the P-gene-specific mRNA transcripts were found to have from two to five G residues inserted at this position in the RNA. An unedited mRNA was shown to encode the mumps virus cysteine-rich protein V, and mRNA transcripts containing two and four inserted G residues were translated to yield the mumps virus P and I proteins, respectively.
A guanine nucleotide insertion event has been shown to occur at a specific site within mumps virus P-gene mRNA transcripts. The region of the mRNA containing the site expected to be used for RNA editing and the complementary portion of the genomic RNA were cloned, and their nucleotide sequences were obtained. The genomic RNA was found to possess six C residues at the insertion site, whereas 63% of the P-gene-specific mRNA transcripts were found to have from two to five G residues inserted at this position in the RNA. An unedited mRNA was shown to encode the mumps virus cysteine-rich protein V, and mRNA transcripts containing two and four inserted G residues were translated to yield the mumps virus P and I proteins, respectively.
We and others have recently demonstrated that an RNAediting event occurs to RNA transcripts derived from the P genes of the paramyxoviruses simian virus 5 (SV5), measles virus, and Sendai virus (3, 35, 36) , resulting in the synthesis of more than one mRNA species that differ from each other by the number of G residues at a specific insertion point in the RNA. In each case, an mRNA is transcribed that is a faithful copy of the P gene and which can be translated in the case of SV5 to produce the cysteine-rich polypeptide V (35) and in the case of measles virus and Sendai virus to produce the P protein (3, 36) . In addition, mRNA species that contain G residues not templated by the genomic RNA (vRNA) are transcribed that are translated to yield the P protein in the case of SV5 and the V polypeptide in the case of measles virus and Sendai virus.
Mumps virus is a member of the paramyxovirus family of RNA viruses. It has a single-stranded negative-sense RNA genome that is approximately 15,000 nucleotides in length. The order on the genomic RNA of the genes encoding the mumps virus proteins has been determined, and the results show that mumps virus is similar to SV5 in having an additional gene (SH) in the genome between those encoding the fusion protein and the hemagglutinin-neuraminidase (7-9, 15, 25) that is lacking from other paramyxoviruses so far examined. The nucleotide sequences for several mumps virus genes have been determined, and a comparison of the predicted amino acid sequences of the hemagglutinin-neuraminidase, fusion, and matrix proteins with the predicted amino acid sequences of these proteins from other paramyxoviruses indicates that mumps virus is most closely related to SV5 (9, 32, 37) . There are conflicting data in the literature with respect to the sequence of the mumps virus P gene which has recently been published (6, 34) . A significant variation was detected in a G-rich region (mRNA sense) that results in the addition of one amino acid in one of the published sequences (34) , although both sequences were predicted to encode the mumps virus P protein. As a result of comparing the published mumps virus P-gene sequences (6, 34) with the sequence in the vicinity of the known insertion site in the SV5 P gene (35) , we predicted that if the * Corresponding author. insertion of nontemplated G residues was occurring to a mumps virus P-gene transcript, it would occur in the G-rich region where the observed variation in the two mumps virus P gene sequences exists (26) .
When the polypeptides synthesized in mumps virus-infected cells were analyzed, two low-molecular-weight polypeptides (Mrs of -19,000 and -28,000) were detected that were not present in purified virus (14) . Peptide mapping experiments suggested that the two polypeptides had sequences in common with each other and also that they were related to the mumps virus P protein (14) . In addition, both pulse-chase protocols and experiments in which the mumps virus-infected cell proteins were labeled in the presence of N-tosyl-L-phenylalanine chloromethyl ketone suggested that the polypeptides were primary translation products and not the result of proteolytic cleavage (28) . It therefore became compelling, in view of the similarity between mumps virus and SV5 in other respects, to determine both whether an insertion event is occurring in the mumps virus P gene and, if so, which protein (P or a P-related protein) is encoded by an mRNA that is a faithful transcript of the P gene.
Here we report that in addition to P, two other proteins are encoded by the mumps virus P gene. The three proteins are amino coterminal and are translated from three mRNAs that differ from each other in the number of G residues inserted at the predicted site. One of the low-molecular-weight Pgene-specific proteins is a cysteine-rich protein analogous to protein V from SV5.
MATERIALS AND METHODS
Cells. Monolayer cultures of the TC7 clone of CV-1 cells were grown in Dulbecco modified Eagle medium (DMEM) supplemented with 10% NU-serum IV (Collaborative Research, Bedford, Mass.).
Virus infections, metabolic labeling of cells, and SDS-PAGE. The RW strain of mumps virus was grown in monolayer cultures of CV-1 cells in DMEM supplemented with 2% NU-serum IV and harvested at 4 days postinfection. The W3 strain of SV5 (4) was grown as described previously (27) . Metabolic labeling of infected cell proteins was carried out as described previously (25) Site-specific mutagenesis and plasmid construction. Plasmid pMP1 has been described previously (6) and was kindly provided by N. Elango. To construct pG3MP1, pMP1 was digested with NcoI, which cuts uniquely at a site one nucleotide upstream of the initiation codon for the mumps virus P protein. The NcoI sticky ends were filled in with T4 DNA polymerase (Bethesda Research Laboratories), and 8-mer XbaI linkers (New England BioLabs, Inc., Beverly, Mass.) were added. After linker ligation, pMP1 was digested with XbaI and PstI, and the XbaI-PstI insert was gel purified and ligated into XbaI-and PstI-digested pGEM-3 (Promega Corp.). To construct the DNA templates for transcription of synthetic mRNAs encoding the mumps virus P and V proteins, the XbaI-PstI insert from pG3MP1 was ligated into XbaI-and PstI-digested pGEM-3Zf(+) (Promega Corp.). The resulting recombinant plasmid DNA was used as the template for oligonucleotide-directed mutagenesis as instructed by the manufacturer and as described previously (38) , using R408 (29) (19, 20) , using approximately 2 pug of double-stranded cDNA and the poly(A)+ mRNA (0.5 jig) obtained from a 10-cm plate of mumps virus-infected CV-1 cells.
RESULTS
Identification of mumps virus P-gene-specific protein products. To identify mumps virus P-gene-encoded proteins, insert DNA from the plasmid pMP1 (6) was hybridized to poly(A)-containing RNA isolated from mumps virus-infected CV-1 cells. The RNAs were then used to program a rabbit reticulocyte lysate cell-free translation system as described in Materials and Methods. pMP1 insert DNA specifically prevented translation of the P polypeptide as well as two other lower-molecular-weight polypeptides (Mrs of -28,000 and -19,000), which we have designated V and I, respectively, indicating that polypeptides P, V, and I are encoded by the P gene ( Fig retic mobility than did protein V from SV5 ( Fig. 1 (8) and was shown to hybrid select an mRNA that could be translated in vitro to yield the P protein (6) . The nucleotide sequence of pMP1 (6) differs from both of the published sequences of the mumps virus P gene (6, 34) over the G-rich region where a G insertion event was predicted to occur (26 Fig. 3C ), which suggests that they arose by internal initiation of translation in the COOH-terminal reading frame. The minor polypeptide that migrated just below protein I on SDS-PAGE was translated from the truncated transcripts (Fig. 3C , lanes XH, XPv, and XS), indicating that it was an internal initiation product from the NH2-terminal reading frame. Further evidence that protein I is derived from the (Fig. 3A, XC) , which cuts the DNA at a site upstream of the NH2-terminal open reading frame termination codon (Fig. 3C, lanes XC) . These data therefore indicate that protein I can be translated from a P-gene-specific mRNA that possesses 10 G residues at a site where a G insertion event is predicted to occur and that protein I does not arise by internal initiation of translation.
Identification of the protein V mRNA as the faithful transcript of the P gene and isolation of cDNA copies of mRNAs encoding the P and V proteins. To resolve the controversy concerning the sequence of the mumps P gene across the region of variability (6, 34) and to determine the complementary sequence in mRNAs encoding the P and V proteins, an approximately 200-nucleotide-long section spanning this region of both the mumps vRNA and P-gene-specific mRNAs cys was cloned. The approach used to do this was to use x P-gene-specific oligonucleotide primers complementary to A+ H either vRNA or mRNA to prime first-strand cDNA synthesis. The single-stranded cDNA was then used directly in a PCR, using both primers as described in Sequences of (from left to right) a V cDNA (6 G residues), a P cDNA (8 Gs), an I cDNA (10 G residues), and a cDNA with 9 G residues at predicted site. The G residues in question are indicated by dots.
The sequences of the vRNA-and mRNA-derived clones differed from each other only by the number of G residues present between nucleotides 530 and 537 (numbering system as in reference 6) (Fig. 4) . In 69 of the 70 vRNA-derived cDNAs there were six G residues (mRNA sense) in this region, whereas in one clone there were seven G residues. Thus, from these results we can conclude that the mumps P gene contains six C residues in the vRNA at this site. The most likely explanation for the existence of the single clone that was found to contain seven G residues is that it arose as a result of either an error introduced by reverse transcriptase during synthesis of the first strand of cDNA or by Taq polymerase during the PCR amplification. The majority of the mRNA-derived cDNAs (34 of 54) contained six G residues and therefore were direct copies of the vRNA template; of the remaining 20 clones, 10 possessed 8 G residues, 7 had 9, 1 had 10, and 2 had 11 (Fig. 5) . These data indicate that several P-gene-specific mRNAs exist in mumps virus-infected cells that differ from each other by the presence of different numbers of nontemplated G residues at a specific point in the mRNA. Examination of the nucleotide sequence of the mRNA species that contains six G residues shows that it has the potential to encode a protein of 224 amino acids which would possess at its COOH terminus the 7 6 7 8 9 10 11 Number of Gs FIG. 5 . Distribution of the mRNA cDNA clones according to the number of G residues at the predicted insertion site. A total of 54 mRNA cDNA clones were sequenced over the region of interest, and the distribution of the clones with respect to the number of G residues at the insertion site is shown in the form of a histogram. In this figure, 6 G residues corresponds to no G insertion. The number of clones in each group is indicated by the number inside the relevant column. No clones with seven G residues (i.e., one inserted G) were detected.
cysteine-rich domain homologous to that found in protein V of SV5 (35) . Therefore, as in the case of SV5, the mRNA species that is a faithful copy of the P gene encodes the mumps virus protein V. The predicted amino acid sequence of the second most common class of mRNA, those with two nontemplated residues, contains 391 amino acids, and it therefore has the potential to encode the mumps virus P protein, whereas an mRNA containing four nontemplated G residues has the ability to encode protein I. The cDNA clones that have nine G residues at the insertion site would be predicted to encode a protein V containing an additional glycine residue. Whether such a protein is biologically active is not known.
Expression of the mumps P and V proteins from in vitrotranscribed mRNA. To provide further evidence that the P, V, and I proteins are translated from mRNAs that differ from each other only by the number of G residues at the specific insertion point in the RNA, the P and V proteins were translated in vitro by using synthetic mRNAs. DNA templates containing either six or eight G residues in the region of interest were prepared by oligonucleotide-directed mutagenesis of pMP1 DNA as described in Materials and Methods. Full-length RNA transcripts were prepared by using DNA templates linearized with HindIII ( Fig. 3A) 6 . Expression of the P and V proteins from in vitrotranscribed mRNAs. P and V cDNA clones were constructed by subcloning the I cDNA clone MP1 (containing 10 G residues at the predicted insertion site) into pGEM-3Zf(+), followed by site-specific mutagenesis to delete either 2 or 4 G residues from the G insertion site; RNA was transcribed with T7 RNA polymerase from the P and V cDNA clones (8 and 6 G residues, respectively) and translated in vitro, using a rabbit reticulocyte lysate. retic mobility indistinguishable from that of the P protein translated by using poly(A)-containing mRNAs from mumps virus-infected cells (Fig. 6, lanes A+) . Further evidence in support of the identification of this species as the mumps virus P protein is that it can be immunoprecipitated by a monoclonal antibody that recognizes the mumps virus P protein synthesized in infected cells (data not shown). As expected, translation of an mRNA with six G residues yielded protein V (Fig. 6, lanes V) . Several minor bands were observed as seen previously (and shown here for comparison in lanes I of Fig. 6 ) when protein I was synthesized in vitro, and they most likely arose from initiation at internal methionine codons, a common finding when synthetic RNAs are translated in vitro (18, 35) .
The accumulated data suggest a coding strategy for the mumps virus P gene as depicted schematically in Fig. 7 . The P, V, and I proteins are NH2 coterminal and have 155 amino acids in common up until the G insertion site (depicted in Fig. 7 by the NH2-terminal open box, with the G's indicated by the vertical line). Protein V is translated in the 0 reading frame (open box) from a mRNA that is an exact copy of the P gene; it is 224 amino acids long and contains the conserved COOH-terminal cysteine-rich domain (indicated by the wavy lines). The mumps virus P protein is translated from an mRNA that contains two nontemplated nucleotides that cause translation to switch from the 0 reading frame to the +1 reading frame at the insertion site (open arrowhead). Thus, the P protein is predicted to contain 391 amino acids, the NH2-terminal 155 amino acids originating from the 0 reading frame and the remaining 236 amino acids coming from the +1 frame (stippled box). Finally, the protein I mRNA contains four nontemplated G residues which cause a switch from the 0 reading frame (open box) to the +2 reading frame (filled box). Translation of this mRNA results in the synthesis of a protein 170 amino acids in length in which the NH2-terminal 155 amino acids originate from the 0 reading frame and the last 15 amino acids originate from the +2 reading frame.
DISCUSSION
The RNA-editing phenomenon involving the addition of nontemplated G residues at a specific site in a paramyxovirus mRNA was first identified as the mechanism by which the P gene of SV5 encodes the amino-coterminal P and V proteins (35) . In the case of SV5, protein V is translated from an unedited mRNA, whereas the P protein is translated from an mRNA that possesses two G residues that are not templated by the virion RNA. Upon examination of the available nucleotide sequences of the P genes of other paramyxoviruses, including Newcastle disease virus, Sendai virus, parainfluenza virus type 3, measles virus, and canine distemper virus (1, 10, 11, 22, 23, 31, 33) , a sequence was identified (in the mRNA sense) consisting of a run of G residues preceded by a sequence bearing some resemblance to a polyadenylation signal (3, 26) . Insertion of G residues at this sequence would permit access to a reading frame encoding a cysteine-rich domain in each case homologous to the COOH-terminal domain in protein V of SV5 (35) . These observations led to the prediction (35) that a protein homologous to protein V would be encoded by all paramyxoviruses and also that it would be translated from an mRNA containing nontemplated G residues inserted at the predicted insertion site (3, 26) . The observations with SV5 have been extended, since RNA editing of RNA transcripts has been found to occur in the case of measles virus and Sendai virus P-gene transcripts in which one G residue is inserted at the predicted site to yield the protein V mRNA (3, 36) .
The paramyxovirus P protein together with the L protein is thought to form the paramyxovirus transcriptase (2, 12) and is therefore probably an essential protein. Interestingly, the cysteine-rich domain of protein V is more highly conserved between different paramyxoviruses than is the amino acid sequence of the P protein encoded in a different reading Prompted by the conflicting data reported in the literature concerning the sequence of the mumps virus P gene (6, 34) , where the observed variation occurred in the region of the predicted insertion site (3, 26) , and by the fact that two proteins had been detected in mumps virus-infected cells that appeared to be related to the P protein (14, 28) , we decided to examine the possibility that RNA editing existed in the case of mumps virus. The relevant region of the mumps virus genomic RNA and P-gene-specific mRNA species was cloned. The results obtained upon sequencing 70
vRNA-specific clones indicated that the vRNA contains six G residues (mRNA sense) as reported by Elango and coworkers (6) and not eight G residues (34) , but it also contains a nucleotide (G in the mRNA sense, nine nucleotides after the insertion site) which is present in the sequence reported by Takeuchi and co-workers (34) . Thus, the corrected sequence of the P gene across this region (nucleotides 527 to 556, numbered according to reference 6) is 5'-AAGA GGGGGGCCGGGAGCGCGTGCTCAAGG-3'. The net result of this sequence in and surrounding the insertion site of mumps virus is that an exact transcript of the P gene encodes the mumps protein V and not the P protein as reported previously (6, 34) . The majority of the mRNA-specific cDNA clones sequenced (34 of 54; Fig. 5 ) possessed the same sequence as that obtained for the vRNA-specific cDNA clones (six G's). The remaining 20 mRNA-specific clones differed from the vRNA sequence only by the number of G residues at the predicted insertion site (Fig. 4 and 5) . The number of inserted G residues in the mRNA-specific cDNA clones sequenced varied from two to five, the most common class containing two inserted G's. If the nucleotide sequence of clones containing two nontemplated G residues is translated, it is found to yield a reading frame large enough to encode the mumps virus P protein. Further (14, 28) . In addition, the finding that the P, V, and I polypeptides have 155 amino acids in common is in good agreement with previous results of peptide mapping experiments which indicated that the three polypeptides shared amino acids (14) .
The mechanism responsible for the insertion of the nontemplated G residues in mRNAs derived from paramyxovirus P genes remains elusive. It was suggested that it could be a function of the virus-encoded transcriptase complex "stuttering" while copying this region of the genomic RNA in a process analogous to that by which the virus transcriptase polyadenylates the virus-specific mRNAs (35) . This model was attractive because just upstream of the known or predicted insertion sites a sequence could be identified that resembled a putative polyadenylation signal (26) . Support for this hypothetical mechanism has come recently from work carried out with Sendai virus, in which it has been possible to show that in addition to occurring in vivo in infected cells, the G insertion event also takes place in vitro, using purified virions as the source of polymerase and template (36) . Evidence was also provided to suggest that the G insertion was occurring cotranscriptionally by coexpressing Sendai virus-transcribed P-gene-specific mRNAs and P-gene-specific mRNAs expressed by using recombinant vaccinia virus. Only mRNAs transcribed by Sendai virus were found in the edited form; those mRNAs derived from the recombinant vaccinia virus were unmodified (36) . Taken together, these results suggest that Sendai virus proteins mediate the RNA-editing process and that they cannot act posttranscriptionally in trans on P-gene-specific mRNAs expressed by vaccinia virus. The mechanism of G insertion is relatively specific in that the number of residues inserted is quite small. In SV5, only edited RNAs with two inserted G residues were detected, although the 22 clones examined is perhaps too small a number in which to have detected less frequently occurring insertion events (35) , whereas of the 19 measles virus P-specific cDNA clones examined, 7 were derived from unedited mRNAs, 10 had one G inserted, and the remaining 2 clones had three G residues inserted (3) . Although more variable in the cases of Sendai virus and mumps virus, where from one to eight nontemplated G residues have been detected in P-gene-specific mRNA cDNA clones (36; this report), this number is still much smaller than the number of A residues added to negativestrand virus mRNAs as a result of polyadenylation (13) . The specificity of the G insertion event is therefore thought to be VOL. 64, 1990 on December 22, 2017 by guest http://jvi.asm.org/ Downloaded from dependent on more than the simple nucleotide sequence surrounding the insertion site. It has been suggested that the secondary structure in this region of the vRNA might be involved, since a stable stem-loop structure can be predicted in this area for the SV5 genomic RNA (35) . The evidence is less compelling for the existence of such a structure in the vRNA of Sendai virus and measles virus (36) , although the observation of dideoxy-chain termination sequencing artifacts in this region of P-gene-specific cDNA clones provides some indication that at least in the DNA there is some secondary structure (35, 36) .
Thus, although there is increasing evidence to suggest that the G insertion event is a virus-encoded cotranscriptional mechanism (36) and that this form of RNA editing may be a common feature in paramyxovirus P-gene-derived mRNAs, the factors responsible for determining the specificity remain to be defined. In addition, the function of the V protein of paramyxoviruses has yet to be elucidated despite the fact that its conservation among at least the four viruses examined to date suggests that it plays a biologically important role in the paramyxovirus life cycle.
